DNA from 14 Pythium species, Verrucalvus jlavofaciens and Zoophagus insidians was characterized by CsC1-bisbenzimide density gradients in order to investigate its taxonomic potential. A few incomplete analyses were made for other species. All clearly assignable Pythium species produced three DNA bands in the gradient. Pythium undulatum along with Verrucalvus and Zoophagus produced only two bands. Another possible exception, which needs further investigation, is P. vexans. The DNA had a relatively constant banding pattern in CsCl gradients. The small number (eight) of DNA criteria that were available were subjected to cluster analysis to assess the relationships between replicates and species. This restricted database, similar in size to the number of criteria used in morphological taxonomy, provided an independent assessment of the values that have been attached to generic and subgeneric classifications. This approach enabled assessments to be made of relationships between species that have incomplete life-histories and which therefore lack features essential for traditional taxonomic decisions.
and Felsenfield & Hirschman (1965) . Calf thymus DNA (1.700 g ~m -~) and Micrococcus lysodeikticus DNA (1.731 g cm-3) were used as standards. Hyperchromicity was calculated from the heat denatured DNA (Davidson & Dove, 1962) .
Determination of molecular size of DNA fragments. The fragment sizes of DNA digested with restriction enzymes were determined by agarose gel electrophoresis using standard techniques (Maniatis et al., 1982) . A DNA (digested with HindIII) was used as a standard.
Cluster analysis and characters used. The data were analysed on an Amdahl computer using the program ASF4 produced by the Applied Statistics Department, University of Reading. The degree of similarity between the species was computed using Euclidean distance on the data standardized by range (Sneath & Sokal, 1973) . Standardization was done using the formula X, -MIN MAX -MIN where X, is the value of character X for species s, and MIN and MAX are the minimum and maximum values for this character over all species. Cluster analyses were calculated using single link (nearest neighbour), group average (unweighted pair-group method using arithmetic averages) and complete link (furthest neighbour) algorithms. The following eight characters were used for the first thirteen Pythium species listed in Methods: (1) mt-DNA G + C content; (2) chr-DNA G + C content; (3) mt-DNA band ratio; (4) chr-DNA band ratio; (5) rDNA band ratio; (6) chr-DNA yield; (7) chr-DNA hyperchromicity; (8) size of rDNA unit. Characters 5 and 8 were omitted from the programs in order to extend the analyses to the sixteen taxa in Fig. 5 .
RESULTS AND DISCUSSION

DNA banding patterns
The DNA of Pythium, isolated on a CsC1-bisbenzimide density gradient, showed three bands under UV light, as found by Klassen et al. (1987) . The top and bottom bands fluoresced blue while the middle band fluoresced green. This separation and colour pattern was found for most, but not all, Pythium species. The most important exception was P. vexans, which failed to show the middle (rDNA) band. The imperfect and morphologically extreme species P . undulatum also lacked this middle band, as did Verrucalvus jlavofaciens and Zoophagus insidians. Diagram of DNA band ratios in CsC1-bisbenzimide density gradients (starting density 1.70 g ml-l). 1, Pythium aquatile; 2, P . aphanidermatum; 3, P . diclinum; 4, P . heterothallicum; 5, Pythium HS group; 6, P . intermedium; 7, P . monospermum; 8, P. myrwtylum; 9, P.paddicum; 10, P . rostratum; 11, P . spinosurn; 12, P. sylvaticum; 13, P . torulosum.
The DNA recovered from each of the three bands was digested with HindIII, and electrophoresed in agarose gels. DNA from the top band produced a mitochondria1 pattern (G. R. Klassen, personal communication; McNabb et al., 1987) which corresponded closely with DNA isolated from intact mitochondria (unpublished data). The DNA from the middle band appeared to be of the low complexity characteristic of satellite rDNA Garber 8z Yoder, 1983) . The DNA from the bottom band produced no discernible restriction bands and could be presumed to be chromosomal. The DNA had a fairly constant banding pattern on the CsC1-bisbenzimide density gradients; the distance ratios of DNA bands were calculated by dividing the DNA band distance (from the top of the gradient) by the overall length of the gradient (Table 1) . Differences in ratios of each band for each species were observed (Figs 1-3) .
Comparisons among the taxa show that the ratios of the top DNA band ranged from 0.15-0-40, those of the middle band ranged from 0.55-0.69 and those of the bottom band ranged from 0.75-0.84 for the three-band species. However, the top band ratios ranged from 0-09-0-61 and the bottom band ranged from 0.42-0.75 for the two-band species.
DNA studies on Pythium 
DNA base composition and chr-DNA hyperchromicity (% A260)
The results of the analyses of G + C content in chromosomal and mitochondria1 DNA are listed, respectively, in columns 1 and 2 of Table 2 . For most species a minimum of two replicates was made. Storck & Alexopoulos (1970) listed only one value for Pythium and 14 values for Phytophthora from the family Pythiaceae. The G + C contents of the 14 Pythium species listed in Table 2 indicate that the range for mt-DNA (1 8.7-23.6%) was smaller than for chr-DNA (48.5-58.1 %). This is in accord with previous reports for other organisms (Villa & Storck, 1968) . The G + C values for mt-DNA and chr-DNA of Verrucaluusflauofaciens appeared to fall within the respective ranges for Pythium, but the G + C value for chr-DNA of Zoophagus was well outside the corresponding range for Pythium, although the G + C value for the mt-DNA was probably comparable. This might indicate that Zoophagus is distant from either Pythium or Verrucaluus.
It has been reported (Villa & Storck, 1968) that for zygomycetes there is no difference between the mol% G + C of mt-DNA and chr-DNA, but a mean difference of 15 percentage points was found for ascomycetes. It will be noted that the difference for Zoophagus (17.2 percentage points) is much closer to the average difference for ascomycetes than those for the Oomycetes (25-7-35.0 percentage points) and that the value for Verrucaluus (26.1 percentage points) is within the recorded range for Oomycetes (Table 2) . Thus, it appears that the analysis of the base composition of mt-DNA, in conjunction with that of chr-DNA, may aid phylogeny of the eukaryotes. The pattern of inheritance and genetic change of the nuclear genome and the mitochondrial genome will be partly coupled but may also be independent.
The relatively low G + C content of Pythium mt-DNA corresponds with that found for Phytophthora infestans (22.4 %) (Klimczak & Prell, 1984) . The hyperchromicity of all species chr-DNA in TE buffer ranged from 23~453.9% as listed in Table 2 . A similar range of values was found by Mandel & Marmur (1968) when they compared DNAs from several bacteria.
chr-DNA yield and size of rDNA satellite units The DNA yields were very much influenced by the age of the mycelium and the extent of cell senescence. Old mycelium grown in still cultures usually gave lower yields than young mycelia grown in shaken cultures. The amount of purified chr-DNA recovered from CsC1-bisbenzimide density gradients varied from 0.1 1-1-64 pg DNA (g wet wt mycelium)-' (Table 3) . Since these species are coenocytic, the DNA yield variation could be attributed to either the number or size of nuclei or both. Variations of number of nuclei/unit protoplasm volume in very young mycelia of Pythium species were studied by Baxter (1983) . Of the species common to her investigation and the present study it is noteworthy that P. diclinum had a ratio of 39 and a chr-DNA yield of 0.74 pg (g wet wt mycelium)-' and P . torulosum had a ratio of 70 and a chr-DNA yield of 1.45 pg (g wet wt mycelium)-'. The diameters of these nuclei were identical (Baxter, 1983) . Thus there is a close correlation between nuclear/protoplasmic ratios and DNA yield for these two species.
The size of the rDNA repeating unit for Pythium ranged from 10.3-15.3 kb as listed in Table  3 . This range is appreciably larger than the ranges reported for basidiomycetes (9.2-10.0 kb) (Raeder & Broda, 1984; Specht etal., 1984) and for ascomycetes (7.7-1 1.1 kb) (Lockington etal (Klimczak & Prell, 1984) and our estimate for Phytophthora nicotianae was 33.5 kb. Thus it would appear that the mitochondria1 genome of Phytophthora is substantially smaller than that of Pythium. This difference could possibly be accounted for by the absence of an inverted repeat.
Taxonomic analysis Cluster analyses may be used to produce a phenetic classification, and are usually based on a large number of diverse characters. Weighting may be inadvertently introduced when few characters are used or when a group of diverse criteria are in fact related and evolutionarily linked to an environmental pressure that has not been recognized or defined. When individual pairs of characters do not seem to show correlation, cluster analyses can produce an indication of relative phenetic affinity for the group even when the number of characters is small. If a phenetic cluster correlates with a group determined using other attributes and methods, the results may have biological significance. Phenetic relationships based on the gross DNA characters considered here are thus worth consideration on their own. The DNA characters used here include those of both mitochondria and nuclei. The paternalistic evolutionary origins and evolutionary rates of change of these two sources of DNA are not necessarily coupled.
Analysis of phenetic affinity from the eight criteria of DNA related data was made and the three algorithms gave similar results. To provide some assessment of the stability of the results, analyses for Pythium alone were run leaving out each character in turn. This exercise was necessary in order to compare certain species (for which the rDNA bands did not exist) with the majority of the Pythium species. In order to survey as many species as possible, replication was minimal and means were thus suspect. Variation between replicates was large with considerable overlap amongst species. The cluster analyses, including those omitting a character, were therefore run on each individual database as well as the mean databases for each species. The individual databases for a given species might not come together in a pair under these circumstances. In spite of these provisos the same general trends were apparent from both individual and mean databases. The procedures can undoubtedly be refined. There is enough evidence of the value of these clusters to recommend, for the future, the preparation of more replicate runs to improve the reliability of mean values. It is sufficient to stress that several taxonomic characters can be obtained from a single DNA preparation.
The data presented here are not consistent with large, well-defined subgroups in Pythium. From Fig. 4 , which is a representative example of the phenograms produced by the cluster analyses, there are four pairs of taxa below the Euclidean distance of 0-7. The closest pair is P. myriotylum with Pythium HS group, followed by P. monospermum with P. spinosum, P. intermedium with P . syluaticum, and P. diclinum with P. torulosum. The first and third of these pairs form one larger subgroup. However, when the clusters produced from each individual database rather than the mean database were examined, this cluster was more often than not more homogeneous if P. rostratum was also included. From Fig. 4 it might be thought that the inclusion of P. heterothallicum in this larger subgroup would increase the homogeneity, but this was not the case.
The last pair, P . diclinum and P . torulosum, are closely related on other DNA criteria (McNabb et al., 1987; Klassen et al., 1987) . Use of species means (Fig. 4) confirm this association, but when individual data with all characters or characters -1 were considered, homogeneous clusters were formed only if P . paddicum was also included. From Fig. 4 it will be noted that P. paddicum can only be incorporated if P . aquatile, P. monospermum and P. spinosum are also involved.
When the wider spectrum of taxa was examined by cluster analyses using the six characters that were available for all these taxa, there was again a consistent pattern (Fig. 5) . Verrucalvus was always closest to other Pythium species, with Zoophagus and P. undulatum either separating as a distantly related pair, or as Zoophagus followed by P. undulatum from the main stem of the phenogram.
There are several aspects of this DNA study which suggest that Zoophagus is not a member of the Pythiales : polysaccharide bands that separated in the CsC1-bisbenzimide density gradient The data presented here cast doubt on both the intra-and the inter-generic limits of the taxa of the Pythiaceae. The probably congenitally incomplete life-histories of some species, whether they lack the asexual phase or the sexual phase, makes it impossible to assign unequivocally all species to a genus which is defined on the morphology of reproductive structures.
Correlating characters have never been produced to support or refute the infrageneric classification of Pythium based on asexual morphology. This classificatory concept was originally introduced by Fischer (1892) and accepted formally (as validated genera or subgenera) or informally (as 'groups') by Schroter (1 897), Butler (1 907), Sideris (1 93 1, 1932) and Sparrow (1 93 1). Both Waterhouse (1 967) and Van der Plaats-Niterink (1 98 1) have intuitively rejected all infrageneric schemes for Pythium. The genus is large (over 100 species) and needs subgeneric structure.
DNA data do not support a subgeneric classification based upon sporangial form. There is not only a close affinity between the filamentous sporangiate P . diclinum and the lobulate sporangiate P. torulosum but also a close relationship between these two species and the spherically sporangiate P. paddicum. On the other hand, the filamentous sporangiate P . monospermum and P . aquatile and the non-sporangiate P. spinosum occupy a more central position, often being included in the larger clusters based on P . intermedium, P . myriotylum, P . rostratum, P . sylvaticum and Pythium HS group. Of these five taxa, P . myriotylum and P . rostratum are homothallic with lobulate and spherical sporangia respectively, P. intermedium and P . sylvaticum are heterothallic and do not form sporangia, while Pythium HS group forms neither sporangia nor sex organs. Another heterothallic species, P . heterothallicum is not part of this cluster, nor is the lobulate sporangiate P . aphanidermatum. It is important to note that the DNA data provide suggested affinities for species lacking sporangia (e.g. P. spinosum) and for those lacking sex organs (e.g. Pythium HS group).
In contrast, some species assigned to the genus Pythium, such as P. vexans (asexual and sexual phases known) and P. undulatum (asexual only) do not appear to be correctly assigned according to our DNA data. The generic discontinuity between Pythium and Phytophthora (and Peronophythora and Trachysphaera) may have to be re-examined. The possibility of there being two discontinuities, involving the erection of an 'intermediate' genus containing perfect and imperfect, saprophytic and facultatively parasitic taxa should not be excluded. It would be interesting if the mitochondria1 genome size proved to be diagnostic between Pythium and Phytophthora, but more species of the latter genus need to be examined.
